Abstract. During an experimental study of runoff producing mechanisms in a small drainage basin, the major portion of storm runoff was produced as overland flow on a small proportion of the watershed. Where the water table intersected the ground surface before and during g storm, water escaped from the soil surface and ran quickly to the stream at velocities 100 to 500 times those of the subsurface system. Direct precipitation onto the saturated area was another major contributor of storm flow. Storage of water within these source areas was small and travel times out of them were short. Runoff from them was largely controlled by rainfall intensity• These partial areas contributing quick runoff could expand or contract seasonally or during a storm. Their position and expansion can be related to geology, topography, soils, and rainfall characteristics. In the study basin, water that remained below the ground surface on its way to the main stream channel was a relatively minor contributor to the storm hydrograph. The response of subsurface flow to rainfall was heavily damped by storage and transmission within the soil. Measurements of water table elevation and runoff from experimental plots in another small watershed with different geologic conditions confirmed the results outlined above. Runoff records from a large number of small basins of the Sleepers River experimental watershed indicate the more general applicability of these findings.
that the contributing area was a dynamic one and could vary in size during the course of a storm. Amerman [1965, p. 504 ] analyzing runoff data from small watersheds in Ohio found that 'Runoff-producing areas were located in seemingly random fashion on ridge-tops, valleyslopes, and valley bottoms.' The runoff producing areas were not necessarily connected to the perennial stream by continuous surface flow.
Surface runoff was often absorbed before reaching a main channel. Hewlett and Hibbert [1965] proposed a conceptual model of runoff production in a forested watershed, whose major feature was the contribution of storm flow by development and expansion of saturated zones along valley floors and the lower portions of hillsides. Experimental studies by Ragan [1967] also showed that only a small but variable proportion of the watershed ever contributed flow to the storm hydrograph.
The study reported here was conducted at the Sleepers River experimental watershed, near Danville, Vermont, in the headwaters of the Connecticut River system. the lower portions of some hillsides. On slopes where a cover of sand has survived, mass movement has resulted in the deposition of a 1-to 3-foot-thick layer of highly permeable sand over the denser varved deposits. The topography is typical of a dissected terrace (Figure 2) . A small proportion of the upper terrace remains within the watershed, and is separated from the valley bottom by slopes that range in gradient from 10% to 100%. The valley floor varies from 7 to 70 feet in width and is marshy all year except for its upper portion above WC-1 (Figure 2) where flow is ephemeral. The stream flows sluggishly in a marshy depression. It is fed by several seeps that emerge from bedrock joints. Some of these seeps originate close to the stream but seep B emerges from the ground approximately 100 feet upslope from the point at which it is gaged. The channel draining the study basin is not typical of the major channels of the Sleepers River basin, but is representative of the channels draining small tributary valleys that occur at the head of and along the main streams.
The distribution of soils reflects the pattern of dissection and exposure of the various parent materials. The steep slopes are covered with well drained Brown Podzolic and Brown Forest sandy loams. The major difference between these soils is the presence of an impeding layer at a depth of 12 to 30 inches in the Brown Podzolic soil [Dunne, 1969] 1. Natural rainstorms.
2. Artificial storms of high return period on the steep, permeable trenched hillside (including the natural rainstorms that occurred so soon after the simulated storms that they could be considered as part of the same event). Areas of poorly drained soils on low gradients, represented by the seep B eatehment, supplied small amounts of baseflow to the stream throughout most of the year, but were usually dry between late July and mid-October. Storm discharge from the seep was extremely sensitive to the fluctuations of rainfall intensity ( Figure   5 ).
(It is a central thesis of this paper that runoff production in humid areas is spatially nonuniform. Therefore, expressing runoff volumes and rates in inches and inches per hour is misleading for small watersheds. In this paper runoff volumes are expressed in cubic feet and runoff rates in cubic feet per minute (cfm).) Hydrographs Most of the hydrographs recorded in natural storms were produced by intense bursts of rain for periods of 30 minutes or less. The artificial storms on the channel area were less intense than many of these bursts, but most of them were longer. The increased duration of rainfall of uniform intensity allowed the runoff to approach a steady state in which the rate of runoff equaled the rate of rainfall over the whole area being irrigated. The rate of rainfall over the area above each weir and the peak rate of storm flow are presented in Table 1 . They show the tendency for the ratio of rates of storm flow to rainfall to approach unity as the duration of the storm increases. In the longer storms, the rainfall rates below WC-1 seem to have been underestimated by a few percent. At the beginning of a storm, the area over which the water table was at the surface of the ground was confined to the stream channel itself. Consequently, this area was the first to contribute runoff, and in short, intense storms such runoff virtually alone controlled the hydrograph from this small watershed. In longer storms, the seepy valley floor and the channel area of seep B also contributed most of the water supplied to them. In practically all summer storms these small areas were the only important source of the overland flow responsible for storm runoff.
Areas in which the water table was close to but not at the ground surface at the beginning of a storm also contributed large amounts of flow to the stream channel, particularly in heavy storms of long duration. The greater portion of the seep B eatchment and the concave area of the trenched slope fall into this category. From these areas, subsurface flow was measured, but proved to be too small, too late, and too insensitive to changes of rainfall intensity to be an important contributor to the channel hydrograph. The inability of the soil to transmit most of the water supplied to it during large rainstorms was an important factor produeing high rates of runoff from these areas. As the soilstored the water apphed to it, the water table rose to the surface of the ground over small areas. When this occurred, water emerged from the soil surface and ran quickly to the channel as overland flow. Although this return flow had the same origin as flow that remained within the soil, its reaction to rainfall and importance to storm runoff were very different [Dunne and Black, 1970] . Its velocity was measured to be 100 to 500 times greater than the velocity of subsurface flow, allowing a much greater area to supply runoff to the channel during the storm. When rainfall ceased, the water table fell quickly below the soil surface and runoff rates were drastically reduced. The amount of rainfall required to bring the water table to the surface in a particular area of the watershed depended on topographic position, soil profile characteristics, depth to water table, antecedent condition of the topsoil, and the intensity and duration of rainfall. These were also the most important controls of runoff production, for the importance of an area as a contributor to the storm hydrograph depended on its ability to produce overland flow. Within the glaciated upland region represented by the Sleepers River experimental watershed, the juxtaposition of deep permeable well-drained soils and shallow poorly drained soils is a common feature and a major control of runoff production. Within this watershed, runoff is measured from 17 basins ranging in size from 0.18 to 43 square miles. Within these basins, streams draining areas of a few acres on different soils have been gaged at various times. No detailed analysis of runoff from these areas has been made, but a preliminary survey of the data confirms the conclusions drawn from the present study. Runoff from the basins seems to have been generated on small areas of poorly drained soil, seeps, and ill-defined marshy channels close to the stream channel, which resemble the valley bottom and lower side slopes of the small watershed described in this report. Runoff rates from these areas are strongly controlled by rainfall intensity and reach the channel quickly. As this runoff proceeds downstream, channel storage in the main streams reduces the sensitivity of measured runoff to rainfall fluctuations. This change is demonstrated by a series of hydrographs from different points on the same channel of the Sleepers River (Engman, unpublished data, 1965). As storm flow from small partial areas moves downstream, individual peaks lose their identity and the resultant hydrograph is controlled by storage and translation in the channel. The hydrographs from the larger watershed have simpler shapes and long recession limbs reflecting the drainage from the channel system of water delivered to it by the small runoff producing areas that are remote from the gaging station. As the duration of this recession is so long in the larger watersheds, time is available for the contribution of some subsurface storm flow, but the results of the present and other experimental studies (for example, Whipkey [1965] ) indicate that this contribution is relatively unimportant, especially near the peak of the hydrograph, in small watersheds.
CONCLUSION
In the upland watersheds of Vermont the major portion of storm runoff seems to be produced as overland flow on small saturated areas close to streams. The remainder of the watershed acts mainly as a reservoir during storms, and between storms it supplies base flow and maintains the wet areas that produce storm flow. Runoff from these wet areas is supplied by water escaping from the ground surface to reach the channel as overland flow and by direct precipitation onto the saturated area, which is essentially an expanded stream system. The runoff process depends on the operation of several continuous, interdependent flow systems, which though difficult to separate in the field except by detailed experiment, have very different reactions to rainfall. The most important transition between flow systems seems to be at the soil surface, when water is released from the extreme damping effect of subsurface flow. The importance of an area as a source of storm runoff, therefore, depends on its ability to produce overland flow.
The area contributing overland flow is dynamic in the sense that it may vary seasonally or throughout • storm. The fluctuations of this partial area can be rationally related to topography, soils, antecedent moisture, and rainfall 
